exercise testing, but they do not have these arrhythmias We show that during exercise, RyR2 phosphorylation at rest. by cAMP-dependent protein kinase A (PKA) partially RyR2 is the major Ca 2ϩ release channel required for dissociates FKBP12.6 from the channel, increasing excitation-contraction coupling in cardiac muscle. Durintracellular Ca 2؉ release and cardiac contractility. ing excitation-contraction coupling, depolarization of FKBP12.6 Ϫ/Ϫ mice consistently exhibited exercisethe cardiac muscle cell membrane in phase zero of the induced cardiac ventricular arrhythmias that cause action potential (during the upstroke) activates voltagesudden cardiac death. Mutations in RyR2 linked to gated Ca 2ϩ channels. Ca 2ϩ influx through these channels exercise-induced arrhythmias (in patients with catein turn initiates Ca 2ϩ release via RyR2 from the sarcocholaminergic polymorphic ventricular tachycardia plasmic reticulum. This process is known as Ca -induced Ca 2ϩ release actithat simulate exercise. These data suggest that vates the contractile proteins, which are responsible for "leaky" RyR2 channels can trigger fatal cardiac arcardiac muscle contraction. rhythmias, providing a possible explanation for CPVT.
During exercise, sympathetic nervous system stimulation leads to catecholaminergic activation of ␤-adrenergic receptors (␤-AR) in the heart. ␤-ARs are coupled via *Correspondence: arm42@columbia.edu 5 These authors contributed equally to this work.
G proteins to the activation of adenylyl cyclase that Ϫ/Ϫ mice were subjected to an exercise protoeffect of exercise on the channel). This is in agreement To determine whether or not FKBP12.6 deficiency is associated with increased risk of delayed after depolarFollowing exercise, when epinephrine was administered, no wt mice had arrhythmias with this stress protoizations (DADs) that can trigger arrhythmias, we examined cardiomyocytes isolated from FKBP12.6 Ϫ/Ϫ and concol, whereas 100% (8/8) of the FKBP12.6 Ϫ/Ϫ mice had fatal arrhythmias consisting of a progression from a sitrol FKBP12.6 ϩ/ϩ mice with patch clamp. There were no significant changes of the single-cell action potential (AP) nus rhythm (heart rate ‫058-007ف‬ bpm) with episodes of polymorphic ventricular arrhythmias (heart rate Ͼ1200 in myocytes from the hearts of both genotypes. However, after depolarizations were observed in FKBP12.6 Ϫ/Ϫ bpm) to sustained ventricular arrhythmias ( Figure 2C Ϫ/Ϫ mouse model to correspond to the heart rate of ‫057-007ف‬ bpm, at which fatal exercise-induced cardiac arrhythmias ocshowed that male mice had a cardiomyopathy, and in agreement with our findings, no cardiac arrhythmias curred in FKBP12.6 Ϫ/Ϫ mice) ( Figures 2D-2E ). Since both FKBP12.6 ϩ/ϩ and FKBP12.6 Ϫ/Ϫ hearts were subjected were observed in nonexercised animals (Xin et al., 2002). The effects of exercise were not reported. Moreover, to increased SERCA2 activity (due to PKA-dependent phosphorylation of phospholamban, data not shown) male mice in the Xin et al. (2002) study had significant hypertension that likely contributed to cardiac hypertroand increased L type Ca 2ϩ channel activity (due to PKAdependent phosphorylation), and both genotypes were phy. There was no evidence of hypertension or cardiac hypertrophy in our FKBP12.6 Ϫ/Ϫ mice, nor any differsubjected to RyR2 phosphorylation by PKA, the remaining difference was the absence of FKBP12.6 in the ences between males and females (differences between the Xin et al. mice and ours could be due to distinct FKBP12.6 Ϫ/Ϫ mouse heart cells. Figures 4E-4F ). In addition, the affinity of FKBP12.6 for the heterotetrameric RyR2-wt ϫ RyR2-ability, but more severe deficiency of FKBP12.6 in the RyR2 complex (such as in the FKBP12.6 Ϫ/Ϫ mouse or R2474S was also reduced (158.3 Ϯ 3.1 nM), compared to RyR2-wt (108.3 Ϯ 9.1 nM for wt, p Ͻ 0.01). Taken patients with the CPVT mutations) can result in channels with significantly increased open probability during ditogether, these data show that CPVT-associated mutant RyR2 channels exhibit significantly altered single-chanastole that is not observed with wild-type channels from normal hearts. nel properties compared to wt-RyR2 channels, but only after PKA phosphorylation.
Discussion

FKBP12.6 Restores Normal Gating to Defective
In the present study, we show that both RyR2 from RyR2 Channels FKBP12.6 Ϫ/Ϫ mice that exhibit exercise-induced sudden We have previously shown that FKBP12.6 cannot bind cardiac death and CPVT-associated mutant RyR2s that to PKA phosphorylated RyR2 (Marx et al., 2001, 2000) .
are linked to exercise-induced arrhythmias in patients We now show that FKBP12.6 also cannot bind to a exhibit significantly increased open probabilities under mutant RyR2-S2809D that mimics constitutively PKA conditions that correspond to diastole in the heart durphosphorylated RyR2 ( Figure 5A ). We wanted to detering exercise. These data suggest that in vivo, SR Ca 2ϩ mine whether or not the defective gating in the mutant leak through PKA phosphorylated, FKBP12.6-depleted CPVT-associated RyR2 was due to reduced FKBP12.6
RyR2 can occur. Indeed, DADs were observed in binding. However, since wild-type FKBP12.6 cannot cardiomyocytes from FKBP12.6 Ϫ/Ϫ mice during simubind to PKA phosphorylated RyR2, we generated a mulated exercise. Importantly, RyR2 from FKBP12.6 
FKBP12.6 Deficiency Causes Exercise-Induced
Sudden Cardiac Death Moreover, in contrast to wild-type FKBP12.6, FKBP12.6-D37S was capable of binding to RyR2 channels isolated Cardiac ventricular arrhythmias are a major cause of mortality, but the molecular basis for the triggers that from exercised FKBP12.6 Ϫ/Ϫ mouse hearts ( Figure 5C ) and restored normal channel function ( Figure 5D ). Fiinitiate arrhythmias is not well understood. In the present study, we have found that RyR2 channels from exercised nally, FKBP12.6-D37S, but not wild-type FKBP12.6, also bound to PKA-phosphorylated CPVT-associated RyR2 FKBP12.6 Ϫ/Ϫ mice display dramatically increased open probabilities that were not observed in exercised mutant channels ( Figure 5E ) and restored normal channel function ( Figure 5F ). Thus, we have generated a mu-FKBP12.6 ϩ/ϩ mice. These data suggest that the remaining FKBP12.6 in the RyR2 channel complexes from tant form of FKBP12.6 that, unlike wild-type FKBP12.6, binds to PKA phosphorylated RyR2 and restores normal exercised Sudden Cardiac Death Our results indicate that the absence of FKBP12.6 in Although CPVT-associated RyR2 mutations exhibit rethe RyR2 channel complex predisposes mice to DADs, duced binding of FKBP12.6 to RyR2, these mutant RyR2 ventricular arrhythmias, and sudden cardiac death durchannels were able to bind FKBP12.6 under basal condiing exercise and stimulation of the ␤-AR pathway.
tions. This finding is consistent with the fact that CPVT We have previously shown that PKA phosphorylation patients do not exhibit arrhythmias under resting condiof RyR2 causes dissociation of FKBP12.6 from the chantions. Since PKA phosphorylation-induced dissociation nel complex (Marx et al., 2000) . In this study, we conof FKBP12.6 is part of the mechanism by which RyR2 firmed this finding using a mutant channel, RyR2-channels are activated during exercise, the reduced af-S2809D, that mimics constitutively PKA phosphorylated finity of FKBP12.6 likely plays a role in the increased RyR2 and, therefore, cannot bind FKBP12.6 (Figures 5A sensitivity of mutant channels to activation by PKA. Inand 5B). The finding that mutant FKBP12.6-D37S is able deed, following PKA phosphorylation, the CPVT-associto bind PKA phosphorylated RyR2 or RyR2-S2809D is ated RyR2 mutations examined in this study resulted in consistent with the model that charge repulsion secondchannels that have increased activities compared to wt ary to the addition of the negatively charged phosphate channels examined under the same conditions. Thus, group to RyR2-S2809 causes dissociation of FKBP12.6 during exercise, PKA phosphorylation of CPVT mutant from the channel complex.
RyR2 increases the probability of after depolarizations The finding that FKBP12.6-D37S could rescue the (low that can trigger arrhythmias ( Figure 6 ). activity) channel phenotype in RyR2 from exercised We found that under basal conditions, CPVT-associ-FKBP12.6 Ϫ/Ϫ mice or CPVT mutant RyR2 channels ated RyR2 channels exhibited normal activity, in constrongly suggests that the absence of FKBP12.6 followtrast to a previous report that the RyR2-R4497C mutant ing PKA phosphorylation causes RyR2 channel hyperachad increased basal activity at very low with CPVT during exercise testing occurred at a sinus rate Ͼ100 beats per minute (107 Ϯ 7 beats per minute, range 100-120, n ϭ 9). Ventricular tachycardia developed at a sinus rate Ͼ130 bpm (mean 148 Ϯ 22; range 135-204). Interestingly, the coupling interval of ventricular tachycardias (352 Ϯ 26 ms) was significantly shorter than that of isolated premature beats (p Ͻ 0.0001), indicating that the rate dependency of arrhythmias in the carriers of the three RyR2 mutations fulfills the criteria for DAD-mediated triggered activity (Fozzard, 1992).
A Potential Molecular Mechanism for Triggered Cardiac Arrhythmias
While CPVT is a rare inherited disorder, our data showing that a defect in RyR2 function is linked to sudden cardiac death may have broader implications. The elucidation of the defect in CPVT-associated RyR2 provides a link In support of this mechanism, we found that the onset A 5.0 kb 5Ј fragment and a 1.9 kb 3Ј fragment were cloned into pJNS2, a backbone vector with PGK-neo and PGK-TK cassettes.
of premature ventricular contractions (PVCs) in patients
